We have studied the cell cycle-regulated expression of the thymidine kinase (TK) gene in mammalian tissue culture cells. TK mRNA and enzyme levels are low in resting, GO-phase cells, but increase dramatically (10-to 20-fold) during the S phase in both serum-stimulated and simian virus 40-infected cells. To determine whether an increase in the rate of TK gene transcription is responsible for this induction, nuclear run-on transcription assays were performed at various times after serum stimulation or simian virus 40 infection of growth-arrested simian CV1 cells. When assays were performed at 12-h intervals, a small (two-to threefold) but reproducible increase in TK transcription was detected during the S phase. When time points were chosen to span the G1-S interface a larger (six-to sevenfold) increase in transcriptional activity was observed in serum-stimulated cells but not in simian virus 40-infected cells. The large increase in TK mRNA levels and the relatively small increase in transcription rates in growth-stimulated cells suggest that TK gene expression is controlled at both a transcriptional and post-transcriptional level during the mammalian cell cycle. To identify the DNA sequences required for cell cycle-regulated expression, several TK cDNA clones were transfected into Rat-3 TK-cells, and their expression was examined in resting and serum-stimulated cultures. These experiments indicated that the body of the TK cDNA is sufficient to insure cell cycle-regulated expression regardless of the promoter or polyadenylation signal used.
An understanding of the regulation of genes encoding products involved in DNA replication is an important step toward identifying the elements that are involved in, and possibly necessary for, the control of the eucaryotic cell cycle. We have used the thymidine kinase (TK) gene as a model system to study cell cycle controls, since TK activity is closely linked to the growth state of the cell. There is a low level of TK enzyme activity in resting cells, and upon serum stimulation this activity increases dramatically in parallel with the onset of DNA synthesis (9) . TK enzyme activity is also induced to the same or a greater extent by infection with papovaviruses such as simian virus 40 (SV40) (12, 19, 24) ; again, the induction coincides with the onset of DNA synthesis. The viral protein reported to be responsible for this induction is large T antigen, which is also required for the initiation and maintenance of transformation by this virus.
We are interested in the mechanism(s) by which these two mitogenic agents, serum and SV40, induce S phase-regulated genes such as the TK gene and the relationship between the ability of SV40 to affect the expression of these genes and to immortalize or transform cells. Our approach to this problem has been to examine the molecular basis for the regulation of TK gene expression in serum-stimulated and SV40-infected tissue culture cells. We have previously demonstrated (24) that the increase in TK enzyme activity seen in serumstimulated and SV40-infected CV1 cells is paralleled by an increase in the steady-state levels of TK mRNA, and that in both cases the increase occurs during the S phase. In our current analysis we have extended our study of TK gene regulation by examining the rates of TK transcription in resting, serum-stimulated, and SV40-infected CV1 cells. In addition, we have used several hybrid TK cDNA constructs to begin to identify the DNA sequences required for cell cycle-regulated expression of the gene.
The expression of several other S phase-specific genes, including several histone genes, the dihydrofolate reductase (DHFR) gene, and the thymidylate synthase gene, has been examined; in each case a complex pattern of regulation has been observed. In the case of the histone genes, there is good evidence that both transcriptional and post-transcriptional controls occur (1, 7, 21, 22) . Post-transcriptional control of DHFR expression is well documented (14, 15) , but the existence of transcriptional control has been controversial (20, 26) . A recent report suggests that there is a transient burst of DHFR transcription at the G1-S boundary, but that the increased transcriptional level is not maintained throughout the S phase (2) . A study of thymidylate synthase gene expression has reported the existence of both transcriptional and post-transcriptional controls (8) .
Experiments with both chicken (16) and hamster (13) TK genes have suggested that regulation occurs at a posttranscriptional level, and that the regulation is independent of the promoter used to transcribe the gene. In the experiments reported here we show that sequences within the human TK cDNA are sufficient to confer cell cycle-regulated expression on hybrid minigenes transfected into Rat-3 TKcells, suggesting that post-transcriptional regulation is occurring. Using nuclear run-on transcription assays to measure rates of transcription, however, we have been able to demonstrate a six-to sevenfold increase in TK gene tran- Rat-3 TK-cells (25) were grown in Dulbecco modified Eagle medium supplemented with 10% calf serum. To obtain synchronous populations of cells, cells were plated in medium plus 10% serum so that they would reach confluence in 4 to 5 days, and they were held at confluence for an additional 48 h to insure that the population was truly growth arrested. For serum stimulation, the medium on arrested cells was changed at time 0 to fresh medium containing 10%o serum. For viral infections, medium was removed and saved from plates of arrested cells, and SV40 was added at a multiplicity of infection (MOI) of 15 in a total volume of 0.6 ml per 100-mm plate and incubated with occasional shaking for 1 h. At the end of this infection, the original (depleted) medium was added back to the cells, and incubation was continued until the time indicated.
Northern blotting, DNA pulse-labeling, and TK enzyme extraction and assays. Northern blotting, DNA pulselabeling, and TK extraction and assays were performed as described previously (24) .
Plasmid constructions. pHuTKcDNA7 and p5'TKcDNA, the two TK cDNA clones capable of expressing TK after transfection into eucaryotic cells, are diagrammed in Fig. 1 8 .0], 5 mM MgCl2, 6 mM CaCl2, 0.5 mM dithiothreitol), placed on ice for 5 min, and lysed on plates with Nonidet P-40 lysing buffer (0.6 M sucrose, 0.2% Nonidet P-40, 0.5 mM dithiothreitol). The lysate was scraped off the plates with a rubber policeman, and nuclei were pelleted at 2,000 rpm in an IEC model CL centrifuge. The nuclei were washed once in hypotonic buffer and then incubated at 26°C for 45 min in a reaction mixture containing 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 8.0), 90 mM NH4Cl, 6 mM MgCl2, 0.5 mM MnCl2, 0.1 mM EDTA, 12% glycerol, 0.4 mM ribonucleoside triphosphates (except UTP), and 100 ,uCi of [a-32P]UTP (3,000 Ci/mmol; New England Nuclear Corp.). The newly labeled transcripts were treated with sodium dodecyl sulfate-proteinase K solution (0.3% sodium dodecyl sulfate, 100 mg of yeast tRNA per ml, and 100 ,ug of proteinase K per ml in 10 mM Tris-1 mM EDTA containing 100 U of RNasin (ProMega) per ml for 20 min at 37°C, extracted with H20-saturated phenol, and ethanol precipitated. Prehybridization, hybridization, and posthybridization washes were performed by the method of Groudine et al. (6) . Equal numbers of incorporated counts from each time point were hybridized to filter-immobilized probes for 36 h. Blots were exposed to X-ray film with screens at -700C.
Transfections into Rat-3 ceUs. Transfections into Rat-3 cells were performed as previously described (24) .
RESULTS
TK mRNA induction in CV1 cels. We previously reported , and 36 h after treatment. RNA was transcribed, purified, and hybridized to filters containing cRNA to the human TK gene, the chicken H3.2 histone gene, the human c-myc gene, and RNA transcribed from the Sp6 vector as an internal negative control. Details of the plasmids and methods used to synthesize the cRNAs are given in Materials and Methods. We have found that the use of RNA on the filters greatly increases the sensitivity of these assays and allows us to measure TK transcription in CV1 cells. In the case of SV40-infected cells, plasmid pJY1 DNA, which contains a linear copy of the SV40 genome inserted at the BamHI site of pBR3322, was bound to the filters and used as a positive control. After hybridization and washing the filters were exposed to X-ray film (Fig. 3) . To quantitate the amount of RNA bound, each dot was cut out after autoradiography and counted for 32p. These values, given as counts per minute per dot, are also shown in Fig. 3 we have increased the MOI to 15, since we have determined by immunofluorescence that a higher percentage of cells (100%) stain positively for T antigen 24 h after infection with virus at the higher MOI (data not shown). Poly(A)+ RNA was prepared from serum-stimulated or SV40-infected cells at 0, 12, 24, and 36 h after treatment and analyzed by Northern blot analysis as described in Materials and Methods. The results of this experiment (Fig. 2 ) are similar to those described previously (24) . TK mRNA levels are low in resting cells and peak at 12 h after serum stimulation or 24 h after SV40 infection ( Fig. 2A) . In addition, the TK mRNA accumulates to a higher level in the virally infected cells than in the serum-stimulated cells. As an internal control for the amount of RNA in each lane, the filter in Fig. 2A was hybridized with a human 12 microglobulin probe, since it has been shown that the level of ,B2 mRNA is relatively constant throughout the cell cycle (11, 17) . The results of this experiment (Fig. 2B) , confirm that approximately equal amounts of mRNA were present in each lane. Measurements of transcription rates in nuclei isolated from CV1 cells. To determine whether the increased levels of TK mRNA seen in serum-stimulated and SV40-infected CV1 cells are due to increased rates of transcription of the gene, we performed nuclear run-on transcription assays as described in Materials and Methods. Figure 3 shows the results are not very homologous. The pattern of transcription from the c-myc gene is similar to that seen for both TK and H3.2, with a threefold increase at 12 and 24 h. No hybridization to the Sp6 corltrol was seen in this or any other experiment. The patterns of transcription in the SV40-infected cells were similar to that seen in serum-stimulated cells, with small increases at 12 and 24 h (Fig. 3A) . The obvious exception is the PJY1 control, which shows that SV40 transcription begins by 12 h and reaches very high levels at 24 and 36 h after infection. It appears from these results that changes in the rate of TK gene transcription are not responsible for the large increase in TK mRNA seen during S phase in serumstimulated and SV40-infected CV1 cells. In fact, the rate of transcription appears relatively constant throughout the cell cycle in these experiments.
Transcription at the Gl-S interface. Although the experiments reported above did not detect any large changes in TK gene transcription during the cell cycle, it seemed possible that the time points chosen were not those where TK transcription was at a maximum. It was recently shown that transcription of the mouse DHFR gene peaks at the G1-S phase interface, where a sevenfold increase over the level found in resting cells was seen. This increase occurs just before or concomitantly with the initiation of DNA synthesis in serum-stimulated mouse 3T6 cells containing multiple amplified copies of the DHFR gene (2). We therefore decided to measure TK transcription rates at and around the G1-S interface in serum-stimulated and SV40-infected CV1 cells. We have previously shown that DNA synthesis is induced by 12 h after serum stimulation and 24 h after SV40 infection of CV1 cells (24) . To determine the exact onset of DNA synthesis, cells were pulse-labeled for 1 h at 1-h interv'als surrounding the approximate initiation of S phase, and incorporation was monitored as described in Materials and Methods. DNA synthesis began between 8 and 9 h after serum stimulation and between 17 and 18 h after SV40 infection (Fig. 4) .
Nuclear run-on transcription assays were performed at 0, 6, 7, 8, 9, 10, 11, and 12 h after serum stimulation to span the G1-S phase boundary. The assays were performed as described above, except that the c-myc cRNA was omitted and cRNA to a human ,2-microglobulin cDNA was included on the filters as a control for a gene that is expressed at relatively constant levels throughout the cell cycle. There was a sharp increase in TK transcription at 9 h after serum stimulation, and the level fell by 11 and 12 h (Fig. 5) . We quantitated these results by comparing the levels of TK transcription to the ,2 microglobulin levels at each time point and determined that there is a six-to sevenfold increase in TK transcription at the 9-h time point (Fig. 5B and Table 1 ing. Whereas the transcription of the ,B2 microglobulin control was relatively constant throughout the time course, transcription of both TK and histone H3.2 showed a small increase at 20 h. The magnitude of the increase in TK transcription was significantly less than in serum-stimulated cells, however, peaking at less than twofold the resting cell level. This experiment was repeated, and no significant increase in TK transcription was seen (Table 1) .
One explanation for our inability to detect transcriptional induction of TK after SV40 infection is that we missed the correct time point and that induction was occurring before the 17-h time point. To examine this possibility, we measured the levels of TK mRNA and transcription at 1-h intervals from 12 to 18 h postinfection. Although TK mRNA started to accumulate by 14 h, no transcriptional induction was detected at any of the time points tested (Fig. 7 and Table 1 ). These results are in contrast to those rieasuring mRNA levels (24) (Fig. 2) regulate TK expression in an S phase-specific manner by measuring TK mRNA and enzyme levels in resting and serum-stimulated cells. The regulation of TK mRNA levels was investigated by isolating poly(A)+ RNA at 0, 12, and 24 h after serum stimulation and quantitating this RNA by Northern blot analysis as described previously (24) . In Figure 8A three cell lines containing pHuTKcDNA7 were examined; cell lines 1C and 2A were derived from single colonies, and cell line m was derived from a pool of colonies. In Figure 8B the results are shown from cell lines containing p5'TKcDNA; D3 and Al were derived from single colonies, and m was derived from pooled colonies. All of these cell lines showed increased levels of TK mRNA by 12 h after serum addition, and similar results were obtained with several other transfected cell lines tested (data not shown). Rat-i (TK+) and Rat-3 (TK-) cell lines were also included in this experiment as positive and negative controls. The results of TK enzyme assays on the cell lines described above are given in (10) . The molecular basis of these differences remain to be determined.
There are several reasons why we believe that the increased transcription in serum-stimulated CV1 cells cannot completely account for the increase in TK mRNA levels. First, the transcriptional induction is both shorter and of lesser magnitude than the change in mRNA levels. The transcriptional induction peaks at approximately 6-fold the level found in resting cells and persists for only about 3 h, whereas the mRNA levels increase 10-to 20-fold and remain high for at least 12 h. Second, the relative levels of mRNA induction in serum-stimulated and SV40-infected cells do not coincide with the levels of transcriptional induction. Finally, we have studied TK regulation in cell lines transfected with hybrid cDNA clones that utilize either the human TK aThe cell lines described in the legend to Fig. 8 were growth arrested and serum stimulated as described in Materials and Methods. At 0, 12, and 24 h after serum addition TK extracts were prepared, and enzyme assays were performed as described previously (24) . One TK unit is defined as the amount of enzyme required to convert one nanomole of deoxythymidine to dTMP per microgram of protein per minute of reaction at 37C. VOL. 7, 1987 on July 6, 2017 by guest http://mcb.asm.org/ Downloaded from promoter or the SV40 early promoter and have shown that sequences within the body of the cDNA are sufficient to confer cell cycle regulation upon these constructs. These results are in agreement with those obtained in other laboratories with both the chicken (16) and hamster (13) chromosomal TK genes, where it was shown that hybrid genes expressed from the herpesvirus TK promoter showed cell cycle-or growth-dependent expression. We have considered two possible explanations for the ability of the various cDNA clones to be regulated in an S phase-specific manner. The first, and in our opinion most likely, is that TK RNA metabolism differs somehow during S phase so that it accumulates to high levels. Since p5'TKcDNA contains no introns, it seems unlikely that the difference is in nuclear RNA processing, but it may be in transport from the nucleus or in nuclear or cytoplasmic stability. A second possible explanation is that sequences within the TK cDNA confer cell cycle regulation upon an adjacent promoter, whether it be the genomic TK promoter, the herpesvirus TK promoter, or the SV40 early promoter. This seems unlikely, however, since even in the case of CV1 cells with the homologous promoter the level of increased transcription cannot account for the increase in the level of mRNA in all cases. Given these three lines of evidence, it seems likely that both transcriptional and post-transcriptional regulatory mechanisms are operating to increase the expression of the TK gene during S phase.
We cannot unambiguously determine from our results whether the cDNA construct containing the genomic HuTK promoter is more highly induced during S phase than the one containing the SV40 promoter, which we might expect if transcriptional control plays an important role in the regulation of this gene. Although the pooled colonies containing p5'TKcDNA always show higher levels of induction than the pools containing pHuTKcDNA7, this is not the case for individual cloned cell lines. Since we have not characterized the integrated plasmids in these cells lines, the variations we see may be due to both the number and location of integration sites. To quantitatively compare the levels of induction in transfected cell lines, we will either have to use transient expression assays or carefully compare the patterns of integration in different cell lines.
Our results, taken together with the results from other laboratories, suggest that in general S phase-specific genes may exhibit multiple levels of regulation. As mentioned previously, both transcriptional and post-transcriptional regulation of histone gene expression have been demonstrated for some time (7, 21, 22, 23) . In the case of other S phase-regulated genes such as the DHFR, thymidylate synthase, and TK genes the existence of transcriptional regulation has been in question, although post-transcriptional control has been demonstrated. In part the difficulty in demonstrating transcriptional control has been that the genes are transcribed at low levels, so the levels of transcription are difficult to measure. Because of this, several investigators used cell lines containing amplified DHFR or thymidylate synthase genes to measure transcription rates. In this report we have been able to measure TK transcription rates in cell lines containing single copies of the gene by binding single-stranded cRNA to filters to hybridize to RNA transcribed in isolated nuclei. A similar approach was used by Groudine and Casimir (5) (2) suggest that the precise timing of the assay is critical, since the burst of increased transcription is quite transient.
The situation has been further complicated by the fact that hybrid TK genes utilizing heterologous promoters are cell cycle regulated in several systems (13, 16) ; this has led investigators to conclude that transcriptional control is not occurring. In fact, the presence of dual levels of control is now established for many of the S phase-regulated genes that have been examined. A complete understanding of the complex pattern of regulation of these genes and of the relative importance of the different regulatory mechanisms awaits a more detailed analysis. By utilizing the approaches outlined here, that is, the construction of hybrid or mutant genes and the study of their transcription or RNA metabolism in cells, we should be able to progress quickly toward that goal.
